Abstract. China is located between the Pacific Ocean seismic belt and the Eurasian seismic belt where the seismic activity is frequent. Bridge plays a key role in transportation lifeline, but its construction and maintenance face potential seismic hazard in China, which may lead to a huge economic loss. This study investigates the dynamic response of bridge abutment to sand-rubber mixtures backfill under seismic loading conditions by finite element method. Sand-rubber mixtures is composed of waste fibers, rubber particles, sand and water with a certain mixing ratio and dry density It has been used as an anti-seismic backfill material for slopes, retaining walls, bridge structures and other geo-structures. A series of numerical simulations was carried out to evaluate the effectiveness of this new material as backfill material for bridge abutment. The seismic performance of bridge abutment with different backfill materials was analyzed with respect to settlements and accelerations of ground, foundation pile and bridge abutment. The results show that the sand-rubber mixture can be used as backfill material, and has a great potential in reducing the settlements and accelerations of ground and foundation pile.
Introduction
With the rapid economic development, the number of road and bridge construction is increasing recently in China. However, in the meantime, some natural hazards such as landslide, earthquake occurs frequently, which causes failure or collapse of civil infrastructures. Hence, studying the soil-structure interaction under seismic loading conditions has important implications to the development of civil and geotechnical engineering. Many work has been reported in literature. For example, Ahmadi and Eskandari studied the vibration analysis of a rigid circular disk embedded in a transversely isotropic solid [1] . Pak investigated the seismic soil-structure interaction using boundary element methods [2] , and elastodynamic response of pile under transverse excitations [3] . Other related work can be also found in literature [4] [5] [6] [7] [8] .
As reported, bridge abutment is suffered from a severe damage after earthquake takes place particularly in Southeastern coastal area in China. As reported, backfill materials plays an important role to the bridge abutment regarding its static and dynamic response and performance. Apostoloum et al. studied the lift off effect of the rigid body into the field of earthquake engineering [9] . Housner found that the separation of the bridge foundation and foundation soils will be beneficial to the increase of earthquake resistance of the bridge under the action of strong earthquake [10] . Ciampoli and Pinto simulated the phenomenon of the pier in earthquake, and demonstrated the importance of interaction between the foundation soils and the bridge structure [11] . Priestley stated that the separation of bridge pier and foundation soils had a great influence on the total displacement of upper structure in earthquake [12] . In addition, Makris and Roussos found that dumping did not occur on a very slim rigid foundation [13] . Cremer et al. conducted numerical study to investigate the nonlinear dynamic characteristics of strip foundation by using the macro element [14] . Gazetas and Apostolou indicated that the failure of the bearing capacity under certain conditions were related to the characteristics of the structure foundation and the ground motion [15] . Kawashima proposed an effective method to reduce the isolation of bridge foundation, and the relevant theory was then applied to the design of bridge structure [16] [17] [18] .
The use of tyres scrap, i.e. rubber material, can provide an alternative way to consume the huge stockpile of tyres scrap all over the world [19, 20] . In recent years, various studies have been also conducted concerning the wide applications of sand-rubber mixtures in geotechnical engineering and construction of civil infrastructures [21] [22] [23] [24] [25] [26] [27] [28] . In this study, the waste rubber and sand mixture (hereinafter referred to as sand-rubber mixture) was utilized as a backfill material for bridge abutment. The mixture is considered as a kind of lightweight material, which is made of waste fiber, rubber particles, sand and water in a certain mixing proportion. It has the advantages of light weight, high strength, and good independence. Construction technology is simple and convenient, the strength and density can be adjusted, and the price is low. Due to the existence of fibers, the reinforcing effect of the fibers can increase the tensile strength of sand-rubber mixture. In addition, the waste fiber and the waste rubber can be reused to solve the problem of waste material recycling, and potential environmental pollution. The sand-rubber mixture can be also used to replace soft soil layer or as a backfill material. It leads to the reduction of the upper load for foundation soils, improvement of stability of the foundation, static and seismic performance, and the settlement and displacement of foundation soils. The use of sand-rubber mixture also has a huge economic and social benefits and can meet the increasing demand of road building materials for the rapid development of highway construction and other civil infrastructures. Therefore, the sand-rubber mixture has a great potential in a wide range of engineering applications.
This paper presents a numerical simulation of dynamic response of bridge abutment to sand-rubber mixture backfill under seismic loading conditions. Four different backfill materials including backfill soil, 10 % RS, 20 % RS and 30 % RS (Note: percentage refers to the mixing ratio of rubber by dry weight) were selected in the modeling to compare the dynamic response of bridge abutment under different rubber contents. Simulation results were analyzed and discussed with respect to ground settlement, ground acceleration, displacement and acceleration of foundation pile, and settlement and acceleration of bridge abutment. Through the comparison among the four backfill materials, the seismic performance of bridge abutment with sand-rubber mixture backfill was investigated.
Finite element modeling
A three-dimensional model was developed in Midas to study the dynamic response of bridge abutment to sand-rubber mixture backfill. Midas GTS is a geotechnical and tunnel finite element analysis software for analyzing static and dynamic response of structures. In addition, three different sand-rubber mixtures and one common backfill soil were selected in the simulation for the comparison. The dynamic performance of bridge abutment and foundation pile to the four different backfill materials was systematically analyzed based on the simulation results.
Model development
A three-dimensional model was developed in this study which consists of five parts: backfill material, clay layer, sand layer, soft rock layer, bridge abutment and foundation piles as shown in Fig. 1 . It is noted that the foundation piles have the same length of 12 m underneath the bridge abutment ending at the top of the soft rock layer. The 3D model of bridge abutment with backfill material, foundation soils and foundation piles is shown in Fig. 2. 
Material properties
Summary of material properties is presented in Table 1 . Four different backfill materials were selected in the model, which are backfill soil, 10 % RS, 20 % RS and 30 % RS. According to Yuan [28] , the properties of the four backfill materials are presented in Table 2 . It is noted the fiber used in the sand-rubber mixture is the waste polypropylene fiber which has an extremely high elastic modulus of greater than 3500 MPa and tensile strength of greater than 400 MPa to improve the bearing capacity and reduce the settlement of foundation soils. The mixing ratio of the fiber in the four-different sand-rubber mixtures was the same which was 0.8 % by weight. Moreover, due to the high elastic modulus of the fiber, the elastic modulus of the mixtures is supposed to be increased accordingly. Based on the Choi [29] study, the elastic modulus of the mixtures was determined as shown in Table 2 . Additionally, the engineering design parameters of foundation piles are presented in Table 3 . Twenty steel pipe piles with the same diameter of 0.6 m and wall thickness of 0.012 m were used in the model. 
Meshing
In order to ensure the coupling between the generated meshes, the 3D model was "printed and engraved" in front of the grid (the specified curve or vertex was projected onto the specified surface, based on the shape of the projection in the face to generate a line or point). When the mesh was divided on the surface, these lines and points were reflected. And then the hybrid mesh generator was used to generate the grid. In the static analyses, the bottom of the model was fixed, the front and rear boundaries were constrained along axis to the displacement, the left and the right boundary were constrained along axis to the displacement, and the pile was constrained by the rotation with respect to axis. In the dynamic analyses, the ground surface spring was used to define the boundary conditions, and the bottom of the model was fixed, and the pile was constrained by the rotation with respect to axis. In the finite element model analyses, each layer of foundation soils was described by the three-dimensional solid element, and connected in the form of a common node. In addition, three-dimensional entity structure unit was defined by 8 nodes, each node had 3 degrees of freedom along the , , axes. Considering the nonlinearity of material in the model, Mohr Coulomb elastic plasticity model was used for backfill material and sub-grade soils, concrete elastic model was used for bridge abutment and foundation piles. The total number of element was 6135, and the number of nodes was 2098.
The dynamic analyses were carried out on the ground direction of 1940, Centro Site El, and vertical seismic wave was shown in Fig. 3 . On the moment of settlement, abutment displacement, pile top displacement and pile were analyzed. In this paper, the use of seismic waves is commonly used in the seismic analyses of the classic Centro El seismic waves with duration of 37.68 s, and the peak of 0.7777 g at 6.78 s. 
Results and discussion

Analyses of ground settlement
Ground settlement analyses has important implications in comparing the seismic performance of different backfill materials. Layout of survey point for ground settlement and acceleration analyses is shown in Fig. 4 .
Time history curve of ground settlement for different backfill materials is shown in Fig. 5 . Under seismic loads, fluctuations of ground settlement for backfill soil was much greater than that for the sand-rubber mixtures backfill. However, it is indicated that there was no too much difference in ground settlement among three different sand-rubber mixtures. Since the mixtures have characteristics of lightweight, high strength, and it contains fibers, leading to a relatively high tensile strength. Hence, the overall bearing capacity of ground is increased due to the positive effect on the resistance to subsidence, which protects the foundation and extends its service life. The comparison of ground settlement among three mixtures at the seismic peak value (i.e. 6.8 s) shows that the settlement with 20 % RS was decreased by 9.3 % compared to 10 % RS, and the settlement with 30 % RS was decreased by 9.3 % compared to 20 % RS. For foundation with sand--rubber mixtures, the settlement of 10 % RS was larger than 20 % RS, the settlement of 30 % RS was the smallest. Thus, the larger the rubber content the foundation soils has, the stronger the ability to reduce foundation settlement is. 
Analyses of ground acceleration
Fig. 6 present the time history curve of ground acceleration for different backfill materials. It is indicated that the fluctuation of acceleration was relatively stable during 0-3 s, while it was increased considerably during 3-8 s, but became gradually after 8 s. The characteristics of volatility of four different backfill materials were quite similar to the that of seismic wave propagation. It is also found that the difference of ground acceleration between the backfill soil and the sand-rubber mixtures backfill was very small. Compared to the backfill soil, the maximum ground acceleration for 10 % RS was reduced by 35 %. Moreover, it decreased as the rubber content increased as shown in Fig. 7 . From the calculation, the decrease in the maximum ground acceleration is 3.92 % for 20 % RS as compared to 10 % RS, and 5.48 % for 30 % RS as compared to 20 % RS. Hence, the sand-rubber mixture backfill can greatly reduce the ground acceleration, thereby this kind of lightweight material plays a key role in protecting the foundation. 
Analyses of pile top settlement
The analyses of pile top settlement are important in the analyses of dynamic response of bridge abutment and foundation soils. The analyses of pile top settlement were performed through the three-dimensional model simulation in this study. Selected foundation pile for settlement analyses is shown in Fig. 7 . Static and dynamic analyses of pile including pile vertical displacement, pile top acceleration and pile top bending moment were investigated. When the foundation is subjected to seismic load, the settlement of pile top can be obtained from the top of the pile. Fig. 8 indicate the time history curves of settlement at top of foundation pile for different backfill materials. By comparing the static analyses results, it is found that the pile top vertical settlement of foundation backfill soil was greater than the pile top vertical settlement of the sand-rubber mixtures backfill. As the rubber content increased, the vertical settlement of pile top was decreased. The smaller the vertical settlement of the pile is, the better the stability of the foundation is. Thus, foundation with sand-rubber mixtures backfill is better than that with backfill soil. Comparison of pile top settlement among three mixtures at the peak value of seismic wave crest (i.e. 6.8 s), it is found that the settlement of pile topfor 20 % RS was decreased by 12.3 % compared to 10 % RS, and the settlement of pile top for 30 % RS was decreased by 7 % compared to 20 % RS. It can be concluded that the sand-rubber backfill with higher rubber content can reduce pile top settlement more than that with lower rubber content. In Fig. 8 , under the same seismic wave action, the four kinds of pile top to the settlement of different. It can be clearly seen that the settlement for the backfill soil was obviously larger than that for the sand-rubber mixtures backfill. The maximum settlement of the 10 % RS backfill was reduced by 61.10 % compared to that of the backfill soil. There was little difference among the three sand-rubber mixtures backfill, which is due to the low shear modulus and high damping ratio of mixtures. The maximum extent of seismic energy dissipation, and the deformation of the foundation is related to the mechanical properties and the content of rubber used in the mixtures, which plays a significant role in the absorption of shock wave energy. It is seen that the settlement of the pile head can be greatly reduced when using the sand-rubber mixture backfill. But with the increase of rubber content in mixtures, the settlement at top of foundation pile is decreased slightly. Fig. 9 indicate the time history curves of acceleration at top of foundation pile for different backfill materials. According to the input data, the acceleration time history curve of pile top can be sorted out. It is found that foundation pile acceleration for backfill soil was greater than 10 % RS, and the fluctuations was also greater than 10 % RS. Comparison of pile top acceleration among three mixtures at seismic wave peak (i.e. 6.8 s), the pile top acceleration for 20 % RS was decreased by 2.1 % compared to 10 % RS, and the pile top acceleration for 30 % RS was decreased by 1.1 % compared to 20 % RS. It is indicated that the larger rubber content the sand-rubber mixtures has, the stronger the ability to reduce pile top acceleration is. Fig. 11 present time history curve of earth pressure for different backfill materials. In earthquake, earth pressure will be generated by the backfill soil of abutment foundation due to seismic loads. Fig. 10 indicates the arrangement of measuring points for analyses of earth pressure acting on bridge abutment. Then, the dynamic performance of bridge abutment with four different backfill materials was compared regarding the earth pressure.
Analyses of pile top acceleration
Compared to the backfill soil, the sand-rubber mixtures backfill has a higher damping ratio, and therefore it can absorb more energy under seismic loads to reduce the earth pressure acting on the bridge abutment. For example, in Fig. 10(a) and (b) , the average earth pressure of bridge abutment for 10 % RS was reduced by 46.68 % compared to the backfill soil. As a result, the integrity and stability of the bridge was improved significantly. It is concluded that the sand-rubber mixtures backfill has a great potential in reducing lateral earth pressure for bridge abutment. Fig. 13 present time history curve of settlement of bridge abutment for different backfill materials. Two points were selected on the top and bottom of bridge abutment respectively for settlement analyses as shown in Fig. 12 . It is found that the settlements at the top and bottom level of the bridge have the same magnitude for four backfill materials. Moreover, the settlement for sand-rubber mixtures backfill was much smaller than that for backfill soil, but there was no much difference of settlement among the three mixtures. The fluctuation of settlement for backfill soil was much greater than the sand-rubber mixtures backfill. Fig. 12) were selected for the analyses of horizontal acceleration of bridge abutment. Similarly, to the previous analyses of settlement of bridge abutment, the acceleration at top and bottom level of the bridge abutment have the same magnitude for the four backfill materials. In addition, the settlement for sand-rubber mixtures backfill was slightly lower than that for backfill soil, but there was no much difference of acceleration among the three mixtures. The fluctuation of acceleration for backfill soil was greater than the sand-rubber mixtures backfill.
Based on above analyses, it is indicated that the settlement and acceleration of bridge abutment for backfill soil are larger than sand-rubber mixtures backfill with rubber content ranging from 10 % to 30 %. Furthermore, the volatility of the bridge abutment for backfill soil at top and bottom level are also much larger than the mixtures backfill. This is because the sand-rubber mixtures have a relatively lower shear modulus and a higher damping ratio, thereby it is able to reduce the propagation of seismic wave energy t due to the damping effect. Additionally, since the mixtures also contains fiber which plays a key role in reinforcing the sand and rubber particles in the mixtures, overall bearing capacity of foundation soil is improved, and the settlement of bridge abutment is reduced at both the top and bottom level. 
Conclusions
3D FEM simulation of dynamic response of bridge abutment to backfill soil and sand-rubber mixtures backfill under seismic loading conditions was carried out in this study. The simulation results were discussed with respect to ground settlement, ground acceleration, settlement and acceleration at top of foundation pile, earth pressure and settlement and acceleration of bridge abutment. The advantages of using sand-rubber mixtures backfill under seismic loading conditions were also further analyzed and presented. The major conclusions from this study can be drawn as follows:
1. Under the same seismic loads, the sand-rubber mixtures backfill exhibit better performance than backfill soil for bridge abutment. This is because the mixtures have a relatively lower shear modulus and a higher damping ratio. It can minimize the propagation of seismic wave energy due to the damping effect, and reduce the settlement of foundation soil. The fiber added into the mixtures c plays a key role in reinforcing the sand and rubber particles and improving overall bearing capacity of foundation soil.
2. The sand-rubber mixtures with a higher rubber content has a lower shear modulus and higher damping ratio. Derogation seismic energy propagation has a more active role. High levels of sand-rubber containing more fiber reinforcement effect is more obvious, and further improve the rubber filler sand mixed overall bearing capacity. Therefore, using three kinds of sand-rubber mixtures as backfill, settlement and horizontal acceleration of bridge abutment at top of the pile is in the order 10 % RS > 20 % RS > 30 % RS.
3. Because the sand-rubber has a higher damping ratio, it can absorb more energy under seismic loads to reduce the principal stress of bridge abutment. And the reduction rate of sand-rubber mixtures with time is higher than that of backfill soil.
It is concluded that the sand-rubber mixtures backfill can not only significantly reduce the ground settlement and displacement at top of foundation piles, but also greatly improve the seismic performance of bridge abutment. The sand-rubber composite backfill is helpful to neutralize seismic load during earthquake and protect the bridge structure from potential damage.
